We propose a non-linear extension of U (1) × U (1) (abelian) ABJM model including T M 2 (higher derivative) corrections. The action proposed here is expected to describe a single M2-brane proving C 4 /Z k target space. The model includes couplings with the 3-form background in the eleven-dimensional supergravity which is consistent with the orbifold projection. We show that the novel higgs mechanism proposed by Mukhi and Papageorgakis does work even in the presence of higher derivative corrections and couplings with the background field, giving the correct structure of the Dirac-Born-Infeld action with Wess-Zumino term for a D2-brane. We also find half BPS solutions in the full nonlinear theory which is interpreted as an another M2-brane intersecting with the original M2-brane. A possible generalization to U (N ) × U (N ) gauge group is briefly discussed. a shin-s(at)th.phys.titech.ac.jp
Introduction 2 D2-brane effective theory
In this section, we review the effective action of a single D2-brane in the DBI and its dual forms. If the derivative corrections to the gauge field strength F mn is ignored, the abelian DBI action contains all α ′ corrections leading to the resolution of the field strength singularity [21] and allows supersymmetric extension of the action [19] . The bosonic part of the single D2-brane effective action is given by the following DBI form, is the tension of a D2-brane. g s is the string coupling constant. In this paper we consider flat Minkowski background and neglect curvature couplings of gravity. In the static gauge, the pull-back of the metric is evaluated as
where η mn = (−1, +1, +1) and X I , (I = 1, · · · 7) are scalar fields representing fluctuations in the transverse directions to the D2-brane. Here we have used the relation that the gauge coupling constant g D2 in the D2-brane world-volume theory is defined by T D2 λ 2 = 1 g 2
D2
. The action (2.1) preserves N = 8 supersymmetry (16 supercharges) and is invariant under the SO(7) R R-symmetry and U(1) gauge symmetry. Since the action (2.1) is highly non-linear, it is useful to linearize it by introducing a Lagrange multiplier p. The action (2.1) is rewritten as
where we have omitted the symbol "P " of the pull-back. It is easy to check that the original action (2.1) is recovered by solving the equation of motion for p and put the solution back into the action (2.3). The action (2.3) can be further rewritten by the introduction of an auxiliary field t m ,
Again, one can show that the action (2.3) is recovered once the auxiliary field is integrated out. At the leading order in α ′ , the action (2.1) reduces to that of the (bosonic part of) the supersymmetric Maxwell action.
On the other hand, once the D2-brane couples to the NS-NS 2-form B and R-R 3-form C (3) backgrounds in type IIA supergravity, the effective action is given by
where the pull-back of B mn in the static gauge is evaluated as
Here I, J = 1, · · · , 7 label the transverse directions to the D2-brane world-volume and ǫ ij , ǫ ij are anti-symmetric tensors with ǫ 12 = −ǫ 12 = 1. The pull-back of the R-R 3-form is evaluated as
At leading order in α ′ , interaction terms in the DBI Lagrangian L DBI in (2.5) which contain at least one NS-NS 2-form are
We will see that the first line in the above expression is projected out in eleven dimensions and the second line will be obtained from the ABJM model accompanied with the coupling with 3-form in eleven-dimensional supergravity.
Reduction to ten dimensions via the higgs mechanism
If one of the transverse direction to an M2-brane in eleven-dimensional M-theory is compactified, the M2-brane reduces to a D2-brane in ten-dimensional type IIA string theory. This procedure from the viewpoint of the M2-brane effective theory was proposed, first in the BLG model [13] and later performed in the ABJM model [22] . Assuming that one of the four scalar fields in the ABJM model develops a real VEV 2 v and taking the limits v, k → ∞ with fixed v/k, the cone in the target space is regarded as a cylinder at points far from the origin and which substantially leads to the compactification of the transverse direction. The non-dynamical gauge fields become the dynamical one in this procedure and the N = 8 supersymmetric U(N) gauge theory is obtained from the U(N) × U(N) ABJM model. This mechanism is known as the novel higgs mechanism. In the rest of this subsection, we review this mechanism by focusing on the abelian ABJM model. The U(1) × U(1) ABJM action [3, 23] is given by
where an integer k is the Chern-Simons level, γ m are the three-dimensional gamma matrices, Y A (A = 1, · · · , 4) are complex scalars transforming in 4 by the SU(4) R R-symmetry and ψ A are superpartner of Y A . The gauge covariant derivative is defined as
The action is gauge invariant under the following U(1) × U(1) gauge transformation,
where λ,λ are gauge parameters for each U(1) group. This action represents a single M2-brane probing C 4 /Z k orbifold and has N = 6 supersymmetry in three dimensions. The orbifold projection is defined by
The N = 6 supersymmetry transformation is given by [5] 
where ω AB , ω AB are supersymmetry parameters. In the following, we consider only the bosonic part of the action and keep k ≫ 1 so that the classical analysis is reliable. Let us see that this action reduces to the N = 8 supersymmetric U(1) gauge theory by the higgs mechanism. We consider the following decomposition,
Once a scalar field, for example Y 4 , develops a VEV v ∈ R, the gauge symmetry is broken down to its diagonal part, U(1) × U(1) → U(1) diag and the scalars become gauge neutral. After shifting the scalar field Y A → vδ 
2 Note that this VEV should be a flat direction of vacua.
where X I (I = 1, · · · , 8) are real, the action becomes
where
Then taking the limit v, k → ∞ with k/v fixed, a transverse direction is compactified and the effective action reduces to that of a D2-brane in ten-dimensional type IIA string theory. The resulting action S D2 is
Since B ′ m is the auxiliary field, it can be integrated out giving the bosonic part of the N = 8 supersymmetric U(1) gauge theory with manifest SO(7) R R-symmetry, 8) where at the final step, we have rescaled
D2
X I and defined the gauge coupling constant in D2-brane as
BPS solutions
Since BPS configurations in effective theories of branes frequently become useful guidelines toward the construction of a non-linear action, we study BPS solutions of the abelian ABJM model. One can show that the energy E of the abelian ABJM model is given by
where i, j are the space indices in the M2-brane world-volume. The last term is rewritten as
Since the gauge fields are non-dynamical, constraints come from the equations of motion for the gauge fields. These are given by
We call these Chern-Simons constraints. From the constraints, we have the relation F 12 −F 12 = 0. Then the energy bound is obtained as
The equality holds if the following BPS equations are satisfied,
The Chern-Simons constraints are rewritten, in terms of
, and taking the gauge B ′ m = 0, the BPS equations (3.13) reduce to
where we have defined z =
. From the first condition, we find that Y is time independent. Therefore Y is a static (anti)holomorphic function. This is just the solution discussed in [24, 25] where the solution is interpreted as an M2-brane intersecting with an another M2-brane. In [24, 25] , holomorphic embeddings of M2-branes without gauge fields were analyzed while here, in addition to the scalar field Y , we have the non-trivial gauge field configuration. We will see that this gauge field configuration is consistent with the M2-brane interpretation of the solution.
Let us analyze the gauge field sector of the solution. Once we employ the gauge B ′ m = 0 the Chern-Simons constraints become
Because Y is time independent, we have the following result,
Accordingly, the magnetic fieldB is zero. Here we have defined the electric field E ′ i and the magnetic fieldB as
From the space components in the Chern-Simons constraint (3.16), we have
where we have defined
Because Y is time independent, E z should be too. Therefore we have ∂ 0 A ′ z = 0 3 , and then A ′ 0 is time independent. Once we choose Y as a holomorphic function, the Chern-Simons constraint implies∂
A solution to this constraint is given by
On the other hand, when Y is an anti holomorphic function, the Chern-Simons constraint is
A solution is
Since we have the conditionB = 0, A ′ z should be in the pure gauge. In the D2 limit, A (A m −Â m ) is decoupled. As discussed in [26] 4 , in the D2-limit, A ′ m is a gauge field on the D2-brane world-volume and couples to the R-R 1-form C (1) m , NS-NS 2-form B mn through the following couplings in the D2-brane effective action S D2 ,
Therefore, the electric field is a source of F-strings while the magnetic field is a source of D0-branes. From this observation, the above solutions we have obtained can be interpreted as an M2-M2 bound state which is reduced to D2-F1 bound state in the type IIA limit. Under the BPS conditions (3.13), the supersymmetry transformation of the fermion becomes
namely,
Therefore the BPS conditions (3.13) preserve 1/2 supersymmetry among N = 6 supersymmetry.
We will see that this is an exact solution even for the full non-linear case.
where f is a time independent function. Here we assume f (z,z) = 0 for simplicity. 4 In [26] , a non-BPS D2-F1-D0 bound state was discussed in the abelian ABJM model.
Non-linear extension of the abelian ABJM model 4.1 Non-linear action
Since the effective theory of an M2-brane without gauge fields is described by the Nambu-Goto action [28] , the scalar field part of the non-linear ABJM action is given by
where we have gauge covariantized the Nambu-Goto action by the gauge symmetry U(1)×U (1) and the parentheses in the determinant stands for the symmetrization of indices. At leading order in T −1 M 2 , the action reduces to the scalar kinetic term in the abelian ABJM model (3.1). Let us analyze how this action is related to the D2-brane via the higgs mechanism. The determinant factor X ≡ det(δ m n + T
A ) in the squire root can be easily evaluated and its explicit form is given in Appendix. Once a scalar field develops its VEV and is shifted around the vacuum, Y A → vδ 
where L ′ NG is the Lagrangian after the D2-reduction procedure and we have defined the following quantity
Here, D ′ m is the gauge covariant derivative of the scalar field after the introduction of the VEV. The explicit form of ∂X ′ /∂B ′ m is found in Appendix. We find that a solution to the equation of motion is given by 4) which is the same one with the case in the linear order. Once this solution is substituted into the action and one rescales the scalar fields as
Note that we have used the fact that the tension T D2 of a D2-brane is obtained from T M 2 via the relation
, where the eleven-dimensional Planck mass M 11 is evaluated by the ten-dimensional quantities. The Lagrangian (4.5) is nothing but the scalar part of the DBI Lagrangian for the single D2-brane.
Since the gauge fields do not propagate in the ABJM model, it must not have kinetic terms in the non-linear theory and have topological terms only. Therefore, the full non-linear extension of the abelian ABJM action is given by
where we have considered only the bosonic part of the action. The fermionic part is given by supersymmetrizing this action. A similar action was discussed in [14] but here we will study the detail structure of this action. First of all, this action is reduced to the U(1) × U(1) ABJM model at the leading order in T Note that the action proposed here does not contain higher derivative parts of the gauge fields that correspond to the derivative corrections of F mn in the D-brane effective action. Actually, these terms will be absent when we will reduce the action to that of the D2-brane by the D2-reduction procedure. As in the case of the ordinary DBI action, we introduce a Lagrange multiplier p and rewrite the action (4.6) as follows,
If p is integrated out, the original action (4.6) is recovered. With the above results in mind, let us consider the D2 reduction of the action (4.7). After the D2-reduction procedure, the action becomes
where X ′ is the determinant factor as we have defined before which is a function of B ′ m . The equation of motion for the auxiliary field is
Since the solution in the absence of the Chern-Simons term is given by the equation (4.4) , we assume that the solution to the equation (4.9) is given by the following form,
We are going to determine the function b m . For an arbitrary function f (B ′ m ), we have the following relation.
Using this relation, the equation for the b field is given by
Once we define g mn = η mn + T
Therefore,
Then, the solution to the equation (4.12) is given by
At the end, we have a solution for B ′ m , 
b m back into the action (4.8), we have
The term ǫ mnp F ′ mn ∂ p X 8 becomes the total derivative by using the Bianchi identity for F ′ mn . Rescaling
This is nothing but the dual D2 DBI action (2.4). Therefore the proposed action (4.6) correctly reproduces the D2-brane action containing all α ′ corrections.
BPS solutions
Let us find BPS conditions in this non-linear action. When we consider effective theories of D-branes, it is important to bear in mind that BPS configurations in the lowest order in the derivative expansion is also an exact solution in the full non-linear order. As a matter of fact, we will see that this is true even in our case. We consider a configuration Y 1 = Y = 0, Y A =1 = 0, then the determinant factor reduces to
From these results, we find that the energy density is bounded as
Here the equality holds only when the following conditions are satisfied,
These are nothing but the BPS conditions found in the abelian ABJM model. If these conditions are satisfied, the energy is evaluated as (4.25) where in the second equality, we have subtracted the mass of an M2-brane. The surface term is the same one found in the abelian ABJM model and it is a generalization of the well-known M2-brane central charge [24, 27] . 
The same form of the condition holds for the gauge fieldÂ m (just replace F mn →F mn ). These conditions precisely realize the Chern-Simons conditions obtained in the linear order. Therefore the BPS solutions in the abelian ABJM model are the exact solutions even in the non-linear order. This situation is quite similar to the D-brane case [25, 29] . All higher derivative effects in the non-linear action cancel for the BPS configurations.
5 Couplings with supergravity backgrounds
Linear order
The coupling of a single M2-brane with the 3-form background in the eleven-dimensional supergravity in flat space is given by [28] .
where the real scalars X I (I = 1, · · · , 8) stand for the transverse directions to the M2-brane world-volume and the pull-back has been evaluated in the static gauge. We generalize this term to the abelian ABJM model. For the ABJM model, the transverse direction is Z korbifolded and part of the components in the 3-form in the real basis
should be projected out. In the static gauge, there are four index structures 5 C IJK , C mIJ , C mnI , C mnp where I, J, K = 1, · · · , 8 are transverse directions and m, n, p = 0, 1, 2 are world-volume directions. The components which contain odd number of indices I, J, K are projected out while C mnp is apparently invariant under the orbifold. For the index structure C mIJ , focusing on the transverse directions, the 3-form can be rewritten by the complex coordinate basis
k y A , we find that the conditions of the 3-form in the x-basis components are given by
Therefore the components that survive the orbifold projection are found to be
We propose coupling terms of the 3-form with the abelian ABJM model as
where C mA B , C m A B transform as4 ⊗ 4, 4 ⊗4 under the SU(4) R R-symmetry. All the scalar fields Y A appearing in the ABJM model is rescaled in such a way that the overall factor T M 2 in (5.1) is absent. The action (5.6) is invariant under the world-volume U(1) × U(1) gauge transformation. This is the natural generalization of the ordinary 3-form coupling (5.1). The structure of the background field and the gauge invariance is consistent and the pull-back is gauge covariantized which is similar to the Myers term in the D-brane cases [18] . The first term in the equation (5.6) trivially reduces to the natural world-volume coupling of the R-R 3-form C (3) mnp with the D2-brane, namely, the first term in (2.7). Note that we are considering the constant potential for simplicity and it breaks the gauge invariance of the background field δC (3) = dΛ (2) where Λ (2) is a 2-form gauge parameter. If the background is not constant, it should be expanded around the M2-brane position X 0 . For example, in the x-basis, the potential C IJK is expanded as
Let us see the D2 reduction of the action (5.6). We start with the actioñ 8) where the first term is the action for the abelian ABJM model (3.1). After the D2-reduction procedure, we have the flux part S ′ flux coming from S flux ,
The equation of motion for the auxiliary field is solved by the following solution,
(5.10)
Substituting this solution back into the action (5.8), we find that all terms which contain X 8 cancel out and the resulting actionS D2 contains following coupling terms,
where we have used the orbifold projection condition (5.2), defined the NS-NS 2-form as C mI8 ≡ B mI and rescaled X I → g −1
D2
X I . This result precisely reproduces part of the couplings in the D2-brane action (2.7), (2.8) . Note that other parts which are absent in the above expression, for example terms that contain B mn in (2.8), have been already projected out in the eleven dimensions and never appear in ten dimensions.
Non-linear extension
Let us generalize the previous result to the non-linear case. We propose the following action, 12) where p is the Lagrange multiplier as we have introduced before. After the D2-reduction procedure, we have the actionŜ D2 which is given bŷ
The equation of motion for the auxiliary field is 14) whereL D2 is the Lagrangian corresponding to the action (5.13). As in the case of section 4, consider the ansatz (4.10) and using relations (4.13) and 
This is just the solution (4.15) but with the replacement
I . Substituting the ansatz into the action and using the orbifold condition, again we find that all the X 8 dependence cancel out and the action becomeŝ
The first three terms are just the dual form of the D2 DBI action (2.4) and after integrating out p and b m , we find
where we have rescaled X I → g −1
D2
X I and used the fact that C mI8 = B mI couples to anti symmetric tensors in the determinant. This result has correct structure of the R-R 3-form and NS-NS 2-form couplings in the DBI action. It is worthwhile to emphasize that the correct (including numerical coefficients) structure of couplings for both R-R 3-form and NS-NS 2-form are generated by the higgs mechanism from the coupling of the 3-form in eleven dimensions.
Conclusions and discussions
In this paper, we investigated higher derivative corrections to the abelian ABJM model and its couplings with the 3-form background in eleven-dimensional supergravity. The orbifold projection singles out the gauge invariant combination of the couplings which is desired result from the viewpoint of the world-volume theory. We showed that the novel higgs mechanism does work even in the presence of the higher derivative corrections and the supergravity coupling suggesting the ubiquity of the higgs mechanism in M2-brane effective theories. The equations of motion for the auxiliary fields are solved explicitly and the correct structure of the D2-brane effective action is obtained.
We also studied BPS configurations that keep half of the N = 6 supersymmetry. The solutions can be interpreted as an M2-brane intersecting with the original M2-brane. We showed that the BPS solution in the abelian ABJM model is also an exact solution in the nonlinear theory. Similar to the D-brane case, all the higher derivative corrections cancel out at least for the BPS configurations. However, when one considers non-BPS configurations, these higher derivative corrections play a significant role to study the dynamics of M2-branes [30] .
The results of the abelian case presented in this paper provide valuable intuition for the construction of the non-linear extension of non-abelian theories. A typical example is N = 6 ABJM model with U(N) × U(N) gauge group. However, we find that the natural non-abelian extension of the abelian action (4.6) fails due to the non-availability of the higgs mechanism -X 8 does not cancel out in the naive D2-reduction procedure. Presumably, some symmetrization of the gauge trace need to be introduced. There are several criteria for constructing a non-linear action for non-abelian gauge groups. First, at leading order in T −1 M 2 , the action should reduces to the U(N) × U(N) ABJM model and also settle down to the action (4.6) in the abelian limit. Second, assuming that the higgs mechanism works even in the non-abelian case, the action must reduce to the non-abelian DBI action proposed in [18, 19] which is correct at least up to order O(F 6 ) and naturally incorporates the symmetric trace structure. Finally, we expect that BPS solutions which have been found in the U(N) × U(N) ABJM model are solutions even in the non-linear order. These conditions severely constrain the possible form of the action. Note that in the ABJM model, the symmetric trace structure of the fields is rather unclear since the fields Y A (and its supersymmetric counterpart) are all in the bi-fundamental representation of the gauge group. Therefore it would be better to study the structure of the action by order by order in T −1 M 2 . On the other hand, we can consider the 3-form coupling with the non-abelian ABJM model. A natural non-abelian generalization of the coupling (5.6) would be given by
where we have dropped the C mnp term and Y A are bi-fundamental representation of the gauge group, C mA B , C m A B are constants for simplicity. As in the case of the abelian gauge group, the orbifold projection singles out the gauge invariant combination of the background. It is easy to find that via the D2-reduction procedure, the coupling (6.1) reproduces part of the NS-NS 2-form and R-R 3-form couplings in multiple D2-brane effective action. Especially, the gauge covariantized pull-back structure [18] is reproduced. Another interesting issue is to find the higher order corrections of the 3-form (and its 6-form dual) couplings to the M2-brane 6 which, after the reduction to the D2-brane effective theory, should be related to the deformed gauge theories on the D3-branes in the presence of R-R backgrounds via T-dualities [34] . We will come back to this issue in the future works [31] .
